Introduction {#s1}
============

Respiratory syncytial virus (RSV) is a nonsegmented, single-stranded, enveloped, negative-strand RNA virus that belongs to the *Paramyxoviridae*, *Pneumovirus* genus. RSV is the leading viral pathogen that causes lower respiratory infections in infants and young children worldwide \[[@B1]\]. After RSV infection, the airway epithelial cells produce many immunologically active molecules, such as cytokines, chemokines and reactive oxygen species, which promote the occurrence of bronchiolitis and pneumonia in infants and young children \[[@B2]\]. Human metapneumovirus (hMPV), which was first isolated in 2001, is a new member of *Pneumovirinae*, *Paramyxoviridae* and causes respiratory infections in all age groups, even death in immunodeficienct patients \[[@B3],[@B4]\]. HMPV is genetically similar to RSV \[[@B5],[@B6]\], and the clinical sympotoms of hMPV and RSV infections are generally indistinguishable. Both of them can cause bronchitis, bronchiolitis or pneumonia in infants and young children \[[@B7]\]. Although the spectrum of respiratory disorders associated with the two viruses are similar, the disease severity caused by hMPV is milder than that by RSV \[[@B8],[@B9],[@B10]\]. For instance, the duration of symptoms and treatment time were shorter in hMPV-infected patients, and more RSV-infected children required respiratory support \[[@B8]\]. The underlying mechanism of the different disease severity is currently unknown.

As the first line of host defense strategy, the innate immunity plays a critical role in antiviral immune responses by direct combating against the pathogens and shaping the development of adaptive immunity. Toll-like receptors (TLRs) are important components of the innate immunity. Upon pathogen associated molecular pattern (PAMP) ligation, TLRs activate innate immune cells and regulate immune responses \[[@B11],[@B12]\]. One of the most fundamental TLR-mediated effects is the activation of NF-κB signaling and subsequent regulation of the production of proinflammatory cytokines and chemokines, which are strongly associated with the outcome of inflammatory disease. RSV F protein can be recognized by TLR4 \[[@B13]\], numerous studies have also demonstrated TLRs can recognize other components of RSV, including dsRNA (TLR3) and ssRNA (TLR7/8) \[[@B13],[@B14],[@B15]\]. The activation of these TLRs on RSV-infected airway epithelial cells results in the secretion of cytokines and chemokines including type I interferons (IFN) and tumor necrosis factor alpha (TNF-α) that play a critical role in regulating local inflammatory processes in the lung and subsequent tissue damage. Interferons (IFNs) are a heterogeneous family of cytokines with demonstrated antiviral, antitumor, and immunomodulatory activities. Local production of IFN-α/β plays an important defensive role in many respiratory virus infections by limiting viral replication until virus-specific host defense mechanisms develop \[[@B16],[@B17]\]. And tumor necrosis factor alpha (TNF-α) is important proinflammatory cytokines, prior studies suggest that TNF-α plays an important role in the process of pulmonary inflammation caused by RSV infection \[[@B18],[@B19]\]. It is generated by the regulation of nuclear factor kappa B, the activation of NF-κB can produce large amounts of TNF-α cause immune and inflammatory response \[[@B20]\]. TNF-α was shown to associate with neutrophil activation and migration to the lungs, while in RSV infection, neutrophils account for more than 90% of the inflammatory cells present in the upper respiratory tract and tracheal fluid \[[@B19],[@B21],[@B22]\]. In addition, TNF-α can also induce lung injury through direct cytotoxic effects on alveolar epithelial cells \[[@B23]\].

HMPV is also a member of the Paramyxoviridae family, but the correlation between TLR activation and hMPV infections is still unclear. In the present study, we proposed to explore whether RSV and hMPV infection induce distinct profiles of TLR activation and inflammatory response, aiming to clarify the mechanisms underlying the different disease severity caused by the two viruses.

Epithelial cells in the respiratory tract are both prime targets of respiratory viruses and the earliest source of innate antiviral immunity; thus, these cells play a critical role in regulating the respiratory tract inflammation that occurs upon viral infection \[[@B24]\]. Therefore, in this study, A549 cells (a human lung adenocarcinoma epithelial cell line) and airway epithelial cells of BALB/c mice were infected with hMPV or RSV, and the expression of TLRs and their roles in infection were investigated *in vitro* and *in vivo*. Compared to hMPV, RSV induced higher TLR3 expression and TNF-α production, which may contribute to the more severe airway inflammation and lung tissue injury.

Methods {#s2}
=======

Materials {#s2.1}
---------

The following products were used in this study: fetal bovine serum (FBS) and DMEM medium (GIBCO, USA), RPMI1640 (HyClone, USA), EZgeno total RNA extraction kit (Genemega, USA), PrimeScript RT kit (Takara, Japan), 2×Taq PCR MasterMix and RealMasterMix (SYBR Green; Beijing Tiangen Biotech, China), phycoerythrin (PE)-labeled monoclonal IgG1α hTLR3 antibody and PE-labeled mIgG1 isotype control (eBioscience, San Diego, CA), Poly(I:C) (InvivoGen, USA), and human IFN-α, TNF-α and IL-8 ELISA kits (Bender MedSystems, Austria).

Preparations of hMPV and RSV {#s2.2}
----------------------------

Recombinant hMPV NL/1/00 was prepared using the reverse genetics method (Briefly full- length cDNA clones of hMPV NL/1/00 and 4 helper vectors (pCITE-N, pCITE-L, pCITE-P and pCITE-M2.1 for expressions of major viral proteins as a gift from Holland professor Erasmus Institute Fouchier were co-transfected into BSR-T7 cells to rescue live virus by using reverse genetics technique) was cultured on Vero-E6 cells in DMEM medium containing 3% FBS, 2 mM L-glutamine, 0.25 mg/mL trypsin, 100 U/mL penicillin and 100 µg/mL streptomycin in an incubator with 5% CO~2~ at 37^°^C. RSV A2 (obtained from the Viral Laboratory in Beijing Children's Hospital) was grown on Hep-2 cells in RPMI1640 medium containing 2% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin in an incubator with 5% CO~2~ at 37^°^C. The infected cells and culture medium were freeze-thawed when the CPE reached 80%. Both hMPV and RSV were purified by sucrose gradient centrifugation as described elsewhere \[[@B25],[@B26]\]. Virus titers were determined by a plaque assay and were expressed as PFUs/ml. The purified hMPV and RSV were aliquoted and stored at -80°C for further experiment. Ultraviolet (UV) light-inactivated RSV and hMPV were prepared as previously described \[[@B27]\].

Culture and viral infection of epithelial cells {#s2.3}
-----------------------------------------------

A549 cells were purchased from the American Type Culture Collection and maintained in DMEM containing 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. These cells were seeded in 6-well plates at 3×10^5^ cells/well and inoculated with hMPV, RSV, UV-hMPV or UV--RSV when the confluence reached \~80%. The virus maintenance medium was refreshed 1 h later, followed by incubation in an incubator with 5% CO~2~ at 37^°^C for varying durations.

Growth kinetics in vitro {#s2.4}
------------------------

A549 cells were inoculated with hMPV and RSV at a multiplicity of infection (MOI) of 0.1, and 1 ml of medium from each well was harvested at 24 h intervals for up to 6 days post-infection. A plaque assay was performed to determine the viral titers in PFU per milliliter.

Detection of TLR mRNA levels in A549 cells using RT-PCR and real-time quantitative PCR {#s2.5}
--------------------------------------------------------------------------------------

Cells were harvested at 3, 6, 9, 12 and 24 h after virus infection at an MOI of 2, and the total RNA was extracted using the EZgeno total RNA extraction kit according to the manufacturer's instructions. cDNA was synthesized by reverse transcription according to the instructions of the PrimeScript RT kit. A total of 2 µl of cDNA was PCR amplified in a 25 µl reaction mixture at an annealing temperature of 55-65 ^°^C for 35 cycles. The PCR products were separated by 1.5% agarose electrophoresis and scanned with a gel imaging system. Then the electrophoresis strips were analyzed by Quantity One software. The mRNA levels of TLR1-10 were semi-quantitatively determined and normalized to the expression of β-actin. RT-PCR results were used for screening.

The SYBR Green I fluorochrome method was employed to perform real-time quantitative PCR with the cDNA products synthesized as described above. The 25 µl-reaction mixture included 1 µl of cDNA, 11.25 µl of RealMasterMix SYBR Green and 0.5 µl of each primer. The reaction was conducted in a CFX96 Fluorescence Thermocycler (Bio-Rad) under the following conditions: pre-denaturation at 95°C for 3 min followed by 45 cycles of denaturation at 95°C for 10 sec, annealing at 60°C for 10 sec, and extension at 68°C for 10 sec. The experiments were performed in triplicates, and melting curve analysis was performed to confirm that no nonspecific amplification occurred. The Ct value of each sample was obtained, and the relative expression of target genes was calculated based on the difference between the Ct values of the target genes and housekeeping genes, which is represented as 2^△△Ct^. The primers for TLR1-10 were modified from Sha et al. \[[@B28]\]. The primers used for the β-actin amplifications are as follows:

Forward: 5'-AAGATGACCCAGATCATGTTTGAGACC-3',

Reverse: 5'-AGCCAGTCCAGACGCAGGAT -3'.

Animals and virus inoculation {#s2.6}
-----------------------------

All animal work was approved by The Institutional Review Board of Chongqing Medical University. Six- to eight-week-old female pathogen-free BALB/c mice were purchased from and bred at the specific pathogen-free (SPF) Animal Center of Chongqing Medical University. Experiments were conducted in a Biosafety-2 laboratory at the Children's Hospital of Chongqing Medical University. A total of 144 mice were randomized into three groups: including the hMPV group, the RSV group and the control group (n=48 per group). After anesthetization, the mice in the hMPV and RSV groups were infected intranasally with 1.5×10^6^ PFU hMPV NL/1/00 or RSV A2, respectively, while the mice in the control group were inoculated intranasally with 100 µl of DMEM. The animals were anesthetized and sacrificed at days 1, 3, 5, 7, 9 and 16 after inoculation.

Viral replication kinetics in mouse lungs and histopathology {#s2.7}
------------------------------------------------------------

The lungs of the infected mice were harvested at various times after inoculation. The right lungs were weighed and homogenized on ice in 10-fold volumes of HBSS containing 0.218 M sucrose, 25 mM HEPES, 4.8 mM L-glutamate, 200 U/ml penicillin and 200 µg/ml streptomycin (pH 7.4). A plaque assay was performed with the homogenates to determine the viral titer. The resulting titer for each sample was divided by the lung weight and reported as PFU per gram of lung. The left lungs were fixed with 4% paraform for histopathology. The fixed lungs were embedded in paraffin, sectioned into 4 µm slices, and stained with hematoxylin-eosin. The histopathologic score (HPS) was determined using the method described by Cimolai \[[@B29]\]. A final score per animal (ranging from 0 to 26) was obtained by averaging scores from each lung which had been accumulated by the addition of subscores from the assessments of quantity and quality of peribronchiolar and peribronchial infiltrates, luminal exudates, perivascular infiltrates, and parenchymal pneumonia.

Detection of mRNA expression of TLR3, TLR4, TLR7 and TLR8 in the mouse lungs by real-time quantitative PCR {#s2.8}
----------------------------------------------------------------------------------------------------------

The lungs were homogenized and total RNA was extracted according to the instruction of EZgeno total RNA extraction kit. Reverse transcription was performed to synthesize cDNA according to the instructions of the PrimeScript RT kit. The SYBR Green I fluorochrome method was used for real-time quantitative PCR following the same procedures described above. Primers specific for mouse TLR3-4, TLR7-8 and β-actin were used as previously described \[[@B30]\].

Detection of TLR3 protein expression in A549 cells by flow cytometry {#s2.9}
--------------------------------------------------------------------

After pre-treated with Poly(I:C) (10 µg/mL) for 6 h, A549 cells were infected with hMPV or RSV at an MOI of 2 at 37°C for 24h. Cells were harvested and labeled with either the phycoerythrin (PE)-labeled anti-human TLR3 monoclonal antibody (clone TLR3.7) or PE-labeled mIgG1 isotype control. For intracellular staining, cells were fixed with a solution of 3% paraformaldehyde in phosphate buffered saline (PBS) for 10 min on ice and permeabilized by the addition of 0.2% Tween-20 in PBS for 15 min at 37°C, and then stained with anti-hTLR3 for 30min. The cells used for surface staining were not fixed. Fluorescence analysis was performed using a FACS Calibur machine with the FACScan software. Ten thousand live cells were counted, and viability was determined by generating forward scatter versus side scatter density plots and setting the gate to exclude dead cells. Histogram plots included only gated cells.

Measurement of IFN-α, TNF-α and IL-8 levels by ELISA {#s2.10}
----------------------------------------------------

A549 cells were seeded in 6-well plates at 3×10^5^ cells/well. When the cells reached \~80% confluence, the culture medium was refreshed with serum-free DMEM. Cells were pre-treated with Poly(I:C) (10 µg/mL) for 6 h followed by infection with hMPV or RSV at a MOI of 2 at 37^°^C for 24 h. The supernatants were collected and centrifuged at 14000 r/min for 10 min. IFN-α, TNF-α and IL-8 levels were determined with ELISA kits (Bender MedSystems) according to the manufacturer's instructions. The concentration of the IFN-α standards ranged from 7.8 to 500 pg/ml, the TNF-α standards ranged from 23 to 1500 pg/ml and the IL-8 standards ranged from 15.6 to 1000 pg/ml.

Statistical analysis {#s2.11}
--------------------

Statistical analyses were performed using the SPSS version 11.0 statistics software, and the data are expressed as the means ± standard deviation (SD). The results from the plaque assay (viral titers), RT-PCR and histopathologic experiments were analyzed using paired *t*-tests, those from real-time quantitative PCR and flow cytometry measurements were analyzed using the Kruskal-Wallis test, and data from the ELISAs were analyzed using a one-way analysis of variance (ANOVA) test. A value of P\<0.05 was considered to be statistically significant.

Results {#s3}
=======

Assessment of growth kinetics of hMPV and RSV in A549 cells and in the lungs of infected mice {#s3.1}
---------------------------------------------------------------------------------------------

First of all, in order to know the replication of the two viruses, we assessed the growth kinetics. The growth kinetics of hMPV and RSV were compared in A549 cells and the lungs of infected mice. The hMPV titers peaked at approximately 10^5^ PFU/ml in the A549 cell cultures on the third day after inoculation, whereas the RSV titers peaked at 10^6^ PFU/ml in the cultures on the fourth day after inoculation ([Figure 1A](#pone-0073488-g001){ref-type="fig"}). Viral titers in the lungs of hMPV- infected BALB/c mice peaked on the 5th day post-infection \[(8.16 ± 0.78) ×10^4^ PFU/g\], and remained at detectable levels until the 9th day post-infection \[(3.08 ± 1.02) ×10^2^ PFU/g\]. Titers in the lungs of RSV-infected BALB/c mice also peaked on the 5th day post-infection at a level of (2.12±0.67) × 10^5^ PFU/g, which was higher than the titer in lungs from hMPV-infected mice ([Figure 1B](#pone-0073488-g001){ref-type="fig"}).

![Growth kinetics of hMPV and RSV in A549 cells and mouse lungs.\
A) A549 cells were infected with RSV or hMPV at an MOI of 0.1. At the indicated time points the virus-containing media were collected and determined for the viral titer by plaque assay. Viral titer was expressed as log PFU/ml culture media. \* *P*\<0.05 vs. hMPV titer on the corresponding time points. B) Eight mice in each group were infected with 1.5×10^6^ PFU hMPV or RSV. At the indicated time points post infection, the mice were sacrificed. Mouse lungs were homogenated and then subjected to viral titration by the plaque assay on Vero E6 cells and Hep-2 cells. Viral titer was expressed as log PFU/g lung tissue. \* *P*\<0.05 vs. hMPV titer on the corresponding time points.](pone.0073488.g001){#pone-0073488-g001}

Lung histopathology after infection with hMPV or RSV {#s3.2}
----------------------------------------------------

Through the growth kinetics, we found the RSV titers were higher than that of hMPV in mice, then we tested the lung histopathology. The lungs from the control group mice had clear alveoli without inflammatory infiltrates around bronchioles or vessels and a low histopathologic score (HPS) of 1.96±0.42 (n=8). A clear inflammatory response was observed on the 5th day post-infection in both hMPV- and RSV-infected mice and was characterized by swelling of bronchiolar epithelia, alveolar dilation and extensive infiltration that was dominated by an excess of lymphocytes and macrophages surrounding both bronchioles and pulmonary blood vessels ([Figure 2A](#pone-0073488-g002){ref-type="fig"}). RSV-infected mice had a higher mean HPS than that of hMPV-infected mice ([Figure 2B](#pone-0073488-g002){ref-type="fig"}), indicating that RSV-induced airway inflammation was more severe compared with that induced by hMPV.

![Lung histopathology of infected mice on day 5 after hMPV or RSV infection.\
Eight mice in each group were sacrificed on day 5 post-infection and lungs were harvested, fixed with 4% paraform, embedded in paraffin, cut into sections and stained with haematoxylin-eosin (H and E). A) Representative lung section, magnification×200. B) The histopathologic score (HPS) was determined and data were expressed as mean ±SD (n=6). \* *P*\<0.05 vs. control, ^§^ *P*\<0.05 vs. hMPV-infected mice.](pone.0073488.g002){#pone-0073488-g002}

Messenger RNA expression levels of TLRs in A549 cells infected with hMPV or RSV {#s3.3}
-------------------------------------------------------------------------------

To further examine possible causes of airway inflammation, we screened the TLR expression profile in RSV- or hMPV-infected A549 cells by RT-PCR. As shown in [Figure 3A](#pone-0073488-g003){ref-type="fig"}, at steady state, A549 cells did express some amount of TLRs, but the levels of most TLRs were up-regulated after hMPV or RSV infection. Compared with the control cells, the levels of TLR2-10 increased to different extents (*P*\<0.05) at 6 h after hMPV infection, while the levels of TLR2-8 were all significantly elevated 6 h after RSV infection (*P*\<0.05) ([Figure 3A](#pone-0073488-g003){ref-type="fig"}). However, A549 cells treated by UV-hMPV or UV--RSV did not exhibit significant changes in TLR levels (data not shown). Previous studies show that TLR3-4 and TLR7-9 play an important role in RSV infection. So we further detected the levels of those TLRs using real-time quantitative PCR. As shown in [Figure 3B--F](#pone-0073488-g003){ref-type="fig"}, the levels of TLR3-4 and TLR7-9 were increased 3 h after hMPV infection. The TLR3 levels peaked at 9 h after hMPV infection, and the levels of TLR4 and TLR7-9 peaked at 12 h after infection, then started to decline. In contrast, during 24 hours of RSV infection, the levels of TLR3-4 and TLR7-8 were increased from 3 h after RSV infection, and reached to the highest levels at 24 h after infection, whereas TLR9 expression reached a peak level at 12 h after infection with RSV, and then declined. Importantly, the increase of TLR3 expression induced by RSV was the highest among all the TLRs measured here. In addition, the increase of TLR3 induced by RSV was also significantly greater than that induced by hMPV. The treatment with UV-hMPV or UV--RSV did not change the expressions of TLR3-4 and TLR7-9 in A549 cells ([Figure 3B--F](#pone-0073488-g003){ref-type="fig"}).

![The mRNA expressions of TLRs in A549 cells after hMPV or RSV infection.\
A549 cells were inoculated by hMPV, RSV, UV-MPV or UV--RSV at an MOI of 2, and cells were harvested at 3, 6, 9, 12 and 24 h after infection for total RNA extraction**. A**) The TLR1-10 mRNA levels were detected by RT-PCR at 6 h after hMPV or RSV infection. Values of TLR1-10 mRNA/beta-actin mRNA were expressed as mean ±SD (n=6). Normal A549 cell served as the MOCK. \* *P*\<0.05 vs. MOCK. **B**) **to F)** were the dynamic expression of TLR3-4, TLR7-9 respectively. The TLR3-4 and TLR7-9 mRNA levels were detected by real time RT-PCR at 3, 6, 9, 12 and 24 h after inoculated by hMPV, RSV, UV-MPV or UV--RSV. β-actin served as an internal reference, and untreated cells as control. Data were expressed as mean ±SD (n=6). \* *P*\<0.05 vs control.](pone.0073488.g003){#pone-0073488-g003}

TLR expression levels in the lungs of mice infected with hMPV or RSV {#s3.4}
--------------------------------------------------------------------

In order to know whether the change of TLRs expression in vitro was consistent with that in vivo model, we further investigated part of the TLRs in the lungs of BALB/c mice after hMPV and RSV infection. The levels of TLR3-4 and TLR7-8 were up-regulated in the lungs of hMPV-infected mice. The levels of TLR3 and TLR7-8 peaked at 5 days after infection, while the levels of TLR4 peaked at 9 days after infection. After RSV infection, the levels of TLR3-4 and TLR7-8 in the lungs were also significantly up-regulated, and the levels of all four TLRs peaked at 9 days after infection. Importantly, the TLR3 levels in the RSV-infected lungs were significantly higher than those in the hMPV-infected lungs ([Figure 4A--D](#pone-0073488-g004){ref-type="fig"}). These results are consistent with those from the *in vitro* experiments. Furthermore, the levels of TLR7-8 were markedly higher than that of TLR3-4 in hMPV-infected group, and also markedly higher than TLR4 in RSV group. This is different from the *in vitro* experiments. Whether TLR7-8 pathway play an more important role in mice than in human body was still unclear.

![Messenger RNA expressions of TLRs in the lungs of BALB/c mice after hMPV or RSV infection.\
Mice in HMPV group, RSV group and control group were sacrificed at 1, 3, 5, 7, 9 and 16 days after infection, and the lungs were harvested for extraction of total RNA and determination of mRNA expressions of TLR3-4 and TLR7-8 by real-time PCR. β-actin served as an internal reference. Data were expressed as mean ±SD (n=8). \* *P*\<0.05 vs. control; ^§^ *P*\<0.05 vs. hMPV group. A) to D) were the expression of TLR3-4, TLR7-8 respectively.](pone.0073488.g004){#pone-0073488-g004}

Expression of TLR3 protein in A549 cells infected by hMPV or RSV {#s3.5}
----------------------------------------------------------------

The results of real-time quantitative PCR indicated the TLR3 mRNA were significantly increased after RSV infection compared with that after hMPV infection both *in vitro* and *in vivo* experiments. In order to know whether the expression of TLR3 protein was consistent with the expression of mRNA, we detected the expression of TLR3 protein in A549 cells after hMPV or RSV infection. Uninfected A549 cells express low intracellular and almost no surface TLR3 protein. Cell surface expression of TLR3 compared with the isotype control was detected in only 1% of cells, and intracellular TLR3 was detected in 3% of cells ([Figure 5A](#pone-0073488-g005){ref-type="fig"}). After infection with RSV or treatment with PolyI:C, the expression of intracellular TLR3 significantly increased. hMPV infection also induced an increase in the intracellular TLR3 levels, but the increase was significantly lower than that induced by RSV or PolyI:C. However, the levels of intracellular TLR3 in the hMPV-PolyI:C group were significantly higher than those in the hMPV alone group ([Figure 5A,B](#pone-0073488-g005){ref-type="fig"}).

![Expression of TLR3 protein intracellular or on the surface of A549 cells by flow cytometry.\
A549 cells were pre-treated with Poly(I:C) (10 µg/mL) for 6 h, then infected by hMPV or RSV at an MOI of 2 at 37°C for 24h. Cells were harvested for assessing TLR3 expression by flow cytometry. Cell surface and intracellular staining were shown. TLR3 protein was located mainly intracellularly. A) Red histograms represent staining with the specific antibody underlaid with the isotype-matched control antibody (green histograms). B) Data were expressed as mean ±SD (n=6). \* *P*\<0.05 vs. mock; ^§^ *P*\<0.05 vs. hMPV.](pone.0073488.g005){#pone-0073488-g005}

Secretion of IFN-α, TNF-α and IL-8 by A549 cells infected with hMPV or RSV {#s3.6}
--------------------------------------------------------------------------

Previous studies have suggested that the activation of TLRs can induces expressions of proinflammatory cytokines and chemokines, which are strongly associated with the outcome of inflammatory disease, via the IRF-3 and Nf-κB pathways or TRIF and TRAM pathways \[[@B31]\]. To study the expressions of proinflammatory cytokines and chemokines after hMPV and RSV infection, we chose IFN-α, TNF-α and IL-8 as examples. Uninfected A549 cells have relatively low levels of IFN-α. However, after infection with hMPV or RSV or treatment with PolyI:C, the levels of IFN-α significantly increased above the baseline level, with no significant difference between the hMPV- and RSV-infected cells. The IFN-α levels were significantly higher in the hMPV-PolyI:C and RSV-PolyI:C groups when compared with the other groups, but no significant difference was noted between these two groups ([Figure 6A](#pone-0073488-g006){ref-type="fig"}). After infection with hMPV or RSV, the levels of TNF-α were markedly increased compared with the levels in uninfected cells, and the increase in the RSV group was larger than that in the hMPV group (*P*\<0.05). The levels of TNF-α were higher in the RSV-PolyI:C and hMPV-PolyI:C groups compared with the respective virus alone groups; however, the TNF-α levels were much higher in the RSV-PolyI:C group than that all other groups ([Figure 6B](#pone-0073488-g006){ref-type="fig"}). To study whether the expression of other inflammatory cytokines as the same asTNF-α, we also measured the levels of IL-8 which also play a pivotal role in airway immune response to RSV infection \[[@B32]\]. The levels of IL-8 were markedly increased in hMPV, RSV, hMPV-PolyI:C and RSV-PolyI:C groups compared with the levels in uninfected cells, but there was no significant difference between hMPVand RSV ([Figure 6C](#pone-0073488-g006){ref-type="fig"}).

![Secretion of IFN-α, TNF-α and IL-8 from A549 cells after infection of RSV or hMPV or pretreated with PolyI:C.\
A549 cells were seeded in a 6-well plate, and culture medium was replaced with serum free DMEM on the second day. Some were pretreated with Poly(I:C) (10µg/mL) for 6 h, and then infected by hMPV and RSV at an MOI of 2 at 37°C for 24 h. The supernatants were collected and ELISA was performed to detect the production of IFN-α, TNF-α and IL-8. Data were expressed as mean ±SD (n=6). \* *P*\<0.05 vs. normal control; ^§^ *P*\<0.05 vs. hMPV; ^a^ *P*\<0.05 vs. PolyI:C+hMPV.](pone.0073488.g006){#pone-0073488-g006}

Discussion {#s4}
==========

The severity of pulmonary inflammation in viral disease is determined by a combination of virus-induced damage and the host's immune responses \[[@B33]\]. Currently, increasing evidence indicates that, in the pathogenesis of viral infection, host immune responses against pathogens play a larger role in determining the magnitude of inflammation and disease severity than the cytopathic effect induced by virus itself. Thus, the present study investigated the correlations between RSV and hMPV infections and TLR levels to explore the immunologic mechanisms underlying infections with these viruses and any potential differences in the mechanism between the two infections.

After successfully establishing in vitro and in vivo models for RSV and hMPV infections, we assessed the growth kinetics of both viruses. We found that the replication levels of RSV were slightly higher than those of hMPV when the input MOIs were the same (less that 1 log at various intervals). Additionally, as demonstrated by the analysis of lung histopathology, pulmonary lesions of RSV-infected mice were more severe than those in hMPV-infected mice. Because it has been previously demonstrated that RSV grew more efficiently in various cell cultures and animal models, it was not surprising that RSV reached a higher titer as compared with hMPV both in vitro and in mouse lungs. Whether the more severe pulmonary pathology we observed was caused solely by higher viral load remains unanswered.

We have demonstrated that A549 cells express TLR1-10 at similar levels as other respiratory tract cell strains \[[@B34],[@B35],[@B36]\]. In the present study, the levels of TLRs did not increase significantly in A549 cells exposed to UV-hMPV or UV--RSV, which is consistent with a previous study \[[@B35]\] and suggests that the increased levels of TLRs are dependent on viral replication. Furthermore, our results demonstrated that the levels of most TLRs were significantly up-regulated after hMPV or RSV infection when compared with uninfected A549 cells or cells treated with UV-inactivated viruses. The results suggest that this response is not pathogen-specific and are general features of anti-viral immune responses. The results from the real-time quantitative PCR measurements indicated that the levels of TLR3-4 and TLT7-8 increased in a time-dependent manner after RSV infection, and these levels continued to increase up to 24 h after infection. Of all TLRs, TLR3 was the most significantly increased which was consistent with other studies \[[@B37],[@B38]\]. Similarly, after hMPV infection, the levels of TLR3-4 and TLT7-9 increased in a time-dependent manner; however the levels of TLR3-4 and TLR7-9 peaked at 9 and 12 h after infection, respectively, and then began to decrease. Overall, the levels of TLR3 induced by hMPV infection were significantly lower than those after RSV infection.

The results of the *in vitro* experiments revealed that the levels of the TLRs increased to varying extents after RSV or hMPV infections, and we further investigated these changes in the lungs of BALB/c mice after hMPV or RSV infection *in vivo*. These *in vivo* studies indicated that, after viral infection, the levels of TLR3-4 and especially TLR7-8 were increased in the lungs. Brian et al \[[@B33]\] have also reported increased levels of TLR3, TLR7 and TLR9 following RSV infection of mice. Matthew et al \[[@B39]\] found that TLR2 is critical for an efficient immune response against RSV infection, suggesting that an antiviral immune response can be initiated after activation of TLR pathways by RSV and hMPV infections *in vivo*. Previous studies have demonstrated that TLR7/8 can recognize viral ssRNA and activate immune responses \[[@B34],[@B40],[@B41]\]. In the present study, we found that TLR7-8 increased a greater amount than TLR3-4 after hMPV infection and also than TLR4 after RSV infection, which was differ from the *in vitro* experiments. Whether TLR7-8 pathway play an more important role in mice than in human body was still unclear. Furthermore, in both the *in vitro* and *in vivo* experiments, the TLR3 levels were significantly increased after RSV infection compared with hMPV infection.

Our analysis of TLR3 protein expression indicated that A549 cells primarily contain intracellular TLR3. Poly I:C stimulation can increase both intracellular and surface TLR3 protein expression, but the protein was still largely intracellular, RSV and hMPV infection also increased the intracellular TLR3 protein levels above those in uninfected cells. However, both the mRNA and protein levels of TLR3 were significantly higher after RSV infection than after hMPV infection, which suggests that TLR3 might play an important role in RSV infection. The specific ligand of TLR3 is double-stranded RNA (dsRNA), which can be produced in a great quantities when RSV is replicated and transcribed \[[@B37]\]. Thus, it is possible that the increased levels of TLR3 observed after RSV infection indicate that more dsRNA is produced upon RSV replication compared with hMPV replication.

Previous studies have suggested that viral nucleic acids can be recognized by TLR3, and TLR7-9 in cells after viral infection, which would then lead to the production of type I interferon and inflammatory cytokines via the IRF-3 and Nf-κB pathways. Additionally, the glycoproteins of some viruses can be recognized by TLRs located in the cell membrane, especially the TLR4, which induces expressions of type I interferon and inflammatory cytokines via TRIF and TRAM pathways \[[@B31]\]. Our results indicate that 24 h after RSV infection, the levels of TLR3-4 and TLR7-8 were higher than those after hMPV infection, especially TLR3. Thus, we hypothesized that the levels of IFN-α and inflammatory cytokines would be higher after infection with RSV than infection with hMPV.

To confirm this hypothesis, the levels of IFN-α, TNF-α and IL-8 were measured after infection with hMPV or RSV. The results indicated that, 24 h after infection, TNF-α production was significantly higher in cells infected with either RSV or RSV-PolyI:C than in cells treated with either hMPV alone or hMPV-PolyI:C. However, the production of IL-8 was no significant difference between hMPVand RSV or between hMPV-PolyI:C and RSV-PolyI:C. These findings indicate that RSV is able to induce more TNF-α production, which is consistent with the observed up-regulation of TLRs upon infection. TNF-α is an important pro-inflammatory factor that plays a critical role in the formation and development of pulmonary inflammatory lesions induced by viral infection. RSV can induce more severe pulmonary inflammation than hMPV, that TNF-α may have a important role in this disease progression.

Poly I:C is a synthetic analog of double-stranded RNA, the ligand of TLR3, and thus can stimulate the TLR3 pathway \[[@B42],[@B43],[@B44]\]. TLR3 and TNF-α are significantly increased after hMPV-PolyI:C treatment compared with hMPV alone, indicating that the activation of the TLR3 pathway plays an important role in the production of TNF-α.

We found that the IFN-α levels increased upon infection when compared with uninfected cells. However, it was inconsistent with the upregulation of TLRs observed upon infection, the IFN-α levels in RSV group or RSV-PolyI:C groups were not higher than that in hMPV group or hMPV-PolyI:C group. IFN-α is an important cytokines in anti-viral immune response, which can limit viral replication until virus-specific host defense mechanisms develop in many respiratory virus infections. Antonieta et al \[[@B45],[@B46]\] found that the ability of hMPV to directly induce IFN-α production was stronger than that of RSV in mouse models, and it is more responsive to IFN-α. Some research suggested the RSV nonstructural proteins NS1 and NS2 have been implicated in virus-induced inhibition of TNF-α/β \[[@B47],[@B48]\]. Our findings also suggested that hMPV itself may promote IFN-α production, and this effect may be due to the lack of two nonstructural proteins (NS1 and NS2) in hMPV. But unlike Antonieta's finding, our results showed IFN-α levels were no difference between RSV and hMPV, this may be due to our results from the A549 cell line, while their results from mice.

In summary, our results suggest that, after hMPV or RSV infection, the levels of TLRs are up-regulated *in vitro* and *in vivo*, and *in vitro* this increase in TLR levels is related to viral replication. The role of TLR7-8 pathway in the anti-viral immune response in mice, may be different from which in human infection. RSV infection induces more TLR3 expression and TNFα production than hMPV does, which may partially explain the more severe inflammation observed after RSV infection compared with hMPV infection.
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